Abstract-Channel measurements are the prerequisite condition for the design of the next-generation high-speed railway (HSR) communication system. Because of the measurement restriction and measurement efficiency issues of applying conventional channel sounders in HSR scenarios, railwaynetwork-based channel measurements are becoming quite attractive. In this paper, a method that employs the cell-specific reference signal in long-term-evolution (LTE) railway networks as the excitation signal to perform HSR channel measurements is presented. This method is implemented by a novel channel measurement system composed of existing LTE railway networks and a dedicated LTE receiver, which can efficiently collect the time-frequency-space channel data and is able to measure different communication links simultaneously. Based on this system, field measurements that consider both direct coverage and relay coverage schemes are conducted on the Beijing-toTianjin HSR in China. Statistical results, involving path loss, Ricean K -factor, root-mean-square delay spread, single-link spatial correlation (SC), and multilink SC, are derived, which not only confirm the viability of the proposed method but also provide realistic HSR channel characteristics for the research on future HSR communications.
For HSR channel measurements, however, it is not suitable to employ the conventional channel sounders due to the measurement restriction and measurement efficiency issues. To guarantee the security of train control network, the wireless frequency bands are under surveillance by the railway administration and any other wireless test signals except the existing network signals are prohibited from transmission along the rail. So far, only several measurement campaigns [8] [9] [10] [11] [12] with the permission of the railway administration were conducted on the HSR using the channel sounders. On the other hand, the measurement efficiency is extremely low when the traditional channel sounders are employed. For instance, if the train travels at a speed of 360 km/h and the coverage radius of a sounder is 1 km, the recording time of the sounder is approximately 20 s. The collected measurement data in this short period are insufficient for extracting the statistical channel characteristics and establishing the empirical channel models.
In order to acquire adequate channel data, He et al. [13] , Qiu et al. [14] , Liu et al. [15] , and Zhou et al. [16] resorted to railway-network-based measurement methods. The basic idea of these methods is to exploit the sounding ability of the signal transmitted from trackside base stations (BSs) in existing railway networks. By means of only receivers, the acquisition of the measurement data can be achieved along the whole rail, which has no influence on the train operation and can greatly improve the measurement efficiency. However, the disadvantage of these approaches refers to the limited measurement capability subject to the system configuration of the deployed networks in terms of carrier frequency, bandwidth, antenna, and so on. The GSM-R signal employed in [13] is regarded as a narrowband continuous waveform signal and hence not suitable for wideband measurements. To enable the wideband channel characterization, the common pilot channel signal in WCDMA railway networks was collected and analyzed to extract the multipath properties [14] , [15] . However, the measurement bandwidth of this method does not meet the requirement of at least 10 MHz in the next-generation HSR communication system [1] . In [16] , a channel sounding scheme that employs the cell-specific reference signal (CRS) of long-term evolution (LTE) as the excitation signal was first proposed and was verified according to the MATLAB simulation. To apply this scheme in realistic HSR scenarios, LTE networks deployed along the rail and an LTE receiver used for channel sounding are indispensable.
The primary contribution of this paper is to implement the LTE-based HSR channel measurement method. The methodology of the CIR extraction, the impacts of carrier frequency offset (CFO), and timing offset (TO) on the CIR performance, as well as a practical TO compensation algorithm are presented. Moreover, a novel channel measurement system that consists of existing LTE railway networks and a dedicated LTE receiver is proposed. It is reported that the LTE railway networks have almost covered all HSRs in China, for a total of 15 000 km by 2014 [17] . Depending on the current LTE railway networks, it is possible to perform extensive channel measurements to acquire sufficient channel data in different HSR scenarios. On the other hand, we establish the dedicated LTE receiver rather than use the commercial LTE receiver or the generic test bed [18] to collect the data, which is more flexible and more professional for channel measurements. Finally, measurement campaigns are carried out on the Beijing-to-Tianjin (BT) HSR in China and both large-scale and small-scale fading characteristics are derived.
The remainder of this paper is outlined as follows. Section II highlights the LTE-based channel sounding methodology. In Section III, the LTE-based HSR channel measurement system is described. The measurement campaigns and results are presented in Section IV. Finally, the conclusions are drawn in Section V.
II. CHANNEL SOUNDING METHODOLOGY
In this section, the frame structure of the excitation signal and the methodology of the CIR extraction will be described. Then, impacts of CFO and TO on the CIR performance will be analyzed. Finally, we will present a practical TO compensation algorithm.
A. Excitation Signal
LTE supporting frequency-division duplexing (FDD) and time-division duplexing adopts orthogonal frequency-division multiplexing (OFDM) and multiple-input multipleoutput (MIMO) technologies. Typical deployed carrier frequencies are in the range of 400 MHz-4 GHz, with scalable carrier bandwidths from 1.4 MHz to 20 MHz. The time-frequency-space FDD LTE frame structure is shown in Fig. 1 [19] . One radio frame of 10 ms is subdivided into ten 1 ms subframes, each of which is split into two 0.5 ms slots. In the case of the normal cyclic prefix, one slot comprises seven OFDM symbols and the spacing of subcarriers in one OFDM symbol is 15 kHz. The CRS embedded in the time-frequency-space frame structure is normally used for channel estimation in the LTE downlink. However, when it comes to channel sounding, the CRS can be regarded as a kind of excitation signal, whose structure determines the measurement capability. As shown in Fig. 1 , in the time direction, the maximum repetition period of the CRS is 0.5 ms, corresponding to a 2-kHz channel sampling rate and a 1-KHz maximum expected Doppler shift. The maximum expected Doppler shift determines the carrier frequency and the vehicular speed. For example, the maximum moving velocity in measurement should be 414.5 km/h and 571.4 km/h at 2605-and 1890-MHz carrier frequency, respectively. In the frequency direction, there is one reference symbol of the CRS every six subcarriers with a spacing of 90 KHz on each OFDM symbol. This spacing determines the maximum time delay window of 11 μs, corresponding to the 3.3 km distance. In Lthe case of a 20-MHz LTE, the total number of reference symbols on each OFDM symbol is 200, which refers to a 18-MHz measurement bandwidth and a 56-ns time delay resolution, corresponding to a distinguishable 16.8-m difference in propagation distance. In the space direction, when a resource element (RE) carries the reference symbol on one antenna port, the corresponding RE on another antenna port is unused. This guarantees the orthogonality of the CRSs on the four antenna ports, thus enabling the MIMO channel measurement.
Denoting the complex-valued LTE signal on the i th subcarrier of one OFDM symbol by S(i ), the transmitted signal in radio frequency (RF) is given by
where N is the number of subcarriers on one OFDM symbol, T s denotes the sampling period, f c indicates the center frequency, and φ represents the carrier phase. The embedded CRS is quadrature phase-shift keying modulated, which can be written as [19] S
where M is the number of reference symbols on one OFDM symbol and c(x) is a length-31 Gold sequence with different initialization values depending on the cell identity. The CRS is similar to the multicarrier spread spectrum signal applied in the RUSK sounder, which not only ensures precise concentration of the energy in the band of interest but also enables correlation gain based on the frequency-domain correlation processing [2] . The correlation gain of the CRS is 10 log M, e.g., in the case of 20 MHz LTE, M = 200, and the correlation gain is about 23 dB. In Fig. 2 , an example of the CRS during one frame period in the case of 20 MHz LTE is given in time and frequency domains.
B. CIR Extraction
The transmitted excitation signal will experience the propagation fading in time, frequency, and space. Denoting the time-variant multipath channel between one transmitter and one receiver by h(t, k), the received signal is the convolution of the transmitted signal and the channel, expressed as
where * represents the convolution operation and η(t) is the additive white Gaussian noise (AWGN).
At the receiver, the discrete-time baseband signal can be acquired according to down conversion and A/D sampling, written as
where f c =f c − f c indicates the CFO, t denotes the TO, and η (n) = η(n)e − j (2πf c nT s +φ) .
Here, we take one OFDM symbol as an example to explain the CIR extraction. Assume that frame and slot synchronizations are achieved. After the discrete Fourier transform (DFT) operation, the received signal in the frequency domain can be represented as
where
The CRS, denoted by R(k), can be extracted from the received frequency-domain signal according to the CRS pattern in the LTE frame structure. Then, the frequencydomain correlation processing is performed to extract the CFR according tô
where (·) * denotes the conjugation operation. Finally, the estimation of the CIR can be obtained from (6) via the inverse DFT (IDFT) aŝ where
In (7), the first term refers to the expected CIR with the impacts of CFO and the TO, the second term to the intercarrier interference (ICI) effect, and the third term to the AWGN.
C. CIR Performance Analysis 1) Impact of CFO on CIR:
In order to analyze the independent impact of CFO on the extracted CIR, set t = 0 and η (k) = 0. Thus, (7) is written aŝ
The normalized CIR can be expressed bŷ
where I (z, f c ) represents the ICI effect with different CFOs. Equation (9) means that the CFO causes an additive interference on the normalized CIR; in other words, the CFO has an influence on the noise floor in the CIR measurement. Fig. 3 shows the simulation result of magnitude square of the normalized CIR in the case of different CFOs using a 20-MHz LTE signal. It can be seen that the CFO raises the noise floor and decreases the dynamic range of multipath identification. In addition, the CFO yields an extra frequency shift, which will affect the measurement of Doppler characteristics. In practice, to avoid the CFO in the outdoor channel measurement, a common way is the use of rubidium or global positioning system (GPS) reference clock, which can guarantee the frequency consistency at the transceiver.
2) Impact of TO on CIR:
Setting f c = 0 and η (k) = 0, the isolated impact of TO on the extracted CIR is highlighted. Equation (7) is simplified aŝ
where t = t 1 + t 2 . t 1 and t 2 denote the integer TO and fractional TO, respectively. The integer TO leads to the cyclic shift of the CIR, which has no influence on the power and relative delay estimation of the multipath, whereas the fractional TO will cause the power leakage of the CIR. Fig. 4 shows the simulation result of magnitude square of the normalized CIR in the case of different fractional TOs using the 20-MHz LTE signal. It is observed that the leakage severity of the CIR is more serious with the increase of the fractional TO and maximum leakage appears at t 2 = 0.5T s . The leaked power exponentially spreads to other paths, which will affect the power estimation of the multipath. In general, the windowing method can be used to tackle the power leakage issue. In [20] , a hanning window function with a narrow mainlobe and low sidelobes is applied to reduce the power leakage of the CIR. However, the windowing method has the limited performance, which will be evaluated in Section III.
D. TO Compensation
To cope with the CIR leakage problem in LTE-based channel sounding, a practical TO compensation algorithm is proposed. At first, the receiver should detect the primary synchronization signal (PSS) of LTE to determine the coarse start position q of the DFT window by a maximum likelihood detector according to
where L is the length of PSS and p r (l) and p s (l) denote the received PSS and the local PSS at time index l, respectively. Due to the effect of integer TO, the main path or the strongest path of CIR will deviate from the initial position which should be zero. According to the deviated time delay of the main path, we can estimate the integer TO, denoted by t 1 .
Then, the fine DFT window start position can be calculated as
where [·] means the rounding operation. After DFT operation at the fine DFT window start position, we can obtain the CFR with a phase rotation caused by the fractional TO. Denoting the possible fractional TO by t 2 , the CFR can be compensated for according to
After the IDFT operation, we get the compensated CIRs, expressed as h (k). Under the ideal condition, e.g., t 2 = t 2 , the leakage of h (k) should be zero. Inspired by the fact, we search an optimal fractional TO in the range of −0.5 to 0.5 with a 0.01 step, which can make the power of the main path maximum, as follows:
where h (0) indicates the first path of the CIR, which corresponds to the main path after the integer TO compensation.
Finally, submitting the optimal t 2 to (13) can achieve the fractional TO compensation. Since in the mobile scenario the motion of the receiver will cause the additional fractional TO, it is necessary to track the time-varying fractional TO. After TO compensation, we can get a more accurate result in the CIR estimation, which will be shown in Section III.
III. CHANNEL MEASUREMENT SYSTEM
This section will report on the setup of the measurement system and the calibration results in the laboratory.
A. System Setup
The proposed LTE-based HSR channel measurement system is shown in Fig. 5 . The LTE receiver is used to collect the downlink channel data in the whole coverage area of the network, which makes continuous downlink measurements feasible. Obvious advantages of this system are the high measurement efficiency and low measurement restriction.
Unlike the conventional cellular network, the railway network adopts a narrow strip coverage mode and a building baseband unit (BBU) plus remote radio unit (RRU) structure. One BS site has two RRUs that employ directional antennas to transmit RF signals in opposite directions along the track. Cell combination technology [17] is used in this network, which combines several RRUs into a big narrow-strip-shaped cell via an optical fiber. These RRUs are controlled by the BBU that is in charge of RF signal processing. Due to such a dedicated structure, the entire network can be classified into two categories: nonoverlapped coverage region and overlapped coverage region. In the nonoverlapped coverage area, only one signal from one BS is received, which can be regarded as the common single-link channel measurement. In the overlapped area, however, the two same signals from neighboring BSs arrive at the receiver simultaneously. From the delay domain perspective, these two signals can be distinguished according to different propagation delays, which will be validated in Section IV. In this case, using the proposed system can also measure the multilink channel, which is simpler than adopting the multilink channel sounder [21] . Fig. 6 shows the hardware diagram of the LTE receiver, which is composed of two RF units, a data acquisition card, a data transmission card, a GPS reference clock, a PC, a solid-state disk (SSD), as well as a GPS recorder. The receive antennas are connected to the RF units that output 70-MHz intermediate frequency (IF) signals. High-frequency downconverter of the RF unit uses a broad frequency synthesizer in the range of 20 MHz-3 GHz (which can be configured with a step of 100 kHz) and a bandwidth of 20 MHz [22] . Automatic gain control of the RF unit can be disabled and the RF gain can be controlled. The outputs of the RF units are transferred to the data acquisition card where the IF signals are sampled in a dual-channel 14-bit A/D convertor (ADC) with a maximum sampling rate of 105 million samples per second (MSPS). The ADC is configured operating at 56 MSPS for each channel to meet the requirement of bandpass sampling in the case of 70-MHz IF and 20-MHz bandwidth. In the data transmission card, the digitized IF signal transmission is controlled by a Virtex-5 field-programmable gate array and a DDR2 synchronous dynamic RAM is employed to bridge data streams between the PC memory and the ADC. The PC stores the collected dualchannel data in the high-speed SSD [23] with 1TB capacity storage memory. The GPS reference clock [24] with 10 −11 frequency accuracy provides a common 10-MHz reference clock signal for the RF units, data acquisition card, and data transmission card. In addition, the GPS recorder is used to collect the real-time navigation data involving GPS, time, and speed information.
B. Lab Calibration
A vector signal generator (VSG), R&S SMU200A, is employed to calibrate the LTE receiver. The VSG that integrates a digital fading simulator can transmit a standard LTE signal and emulate typical time-varying multipath fading channels. The VSG is configured to use the external GPS reference clock instead of the local reference clock. We address the back to back test in the absence of antennas, that is to say, only cables connect the VSG output to the LTE receiver input. In the following, the calibration results of CFO and TO are presented.
1) Calibration of CFO:
In order to calibrate the CFO, we focus on the Doppler power spectral density (DPSD), which can be obtained by the IDFT of the autocorrelation function of the CIR [10] . For back-to-back test, the estimated Doppler frequency should be equal to the CFO. Fig. 7 shows the DPSDs of the back-to-back test and the Rayleigh channel with the Jakes spectrum simulated by the fading module. From the back-to-back test result, it can be seen that the maximum Doppler shift is zero, which indicates there is no CFO in the calibration system. This further confirms that the employed clock synchronization scheme is able to ensure the accurate estimation of Doppler characteristics.
2) Calibration of TO: In order to calibrate the TO, we concentrate on the power delay profile (PDP) [10] . We configure the fading module of VSG to simulate a multipath channel with four paths. The parameters of the multipath channel are listed in Table I . Note that the configured time delay of each multipath is an integral multiple of the time delay resolution, which can avoid the effect of power leakage caused by the fractional time delay. Fig. 8 compares the PDPs without TO compensation and with TO compensation by the windowing method in [20] and the proposed algorithm. It is observed that the proposed algorithm has a better performance to reduce the power leakage of multipath than the windowing method. After TO compensation by the proposed algorithm, the multipath result matches the channel parameters very well.
IV. MEASUREMENT CAMPAIGNS AND RESULTS

A. Measurement Description
Based on the established system, field measurements are performed on BT HSR in China. Fig. 9 shows the LTE network structure and propagation environment on the BT HSR. The chosen network covers about a 16-km distance with Two HSR wireless coverage schemes, direct coverage (DC) and relay coverage (RC), are considered in our measurements. Single-input single-output channel measurements are carried out using the 2605-MHz network for the DC scenario, whereas 2 × 2 MIMO channel measurements are performed employing the 1890-MHz network for the RC scenario. Fig. 10 shows the measurement equipment in the two scenarios and Table II lists the corresponding measurement parameters. At the transmitter, the BS uses ±45°cross-polarized directional antennas to transmit the CRS. At the receiver, as for the RC case, the LTE sounder adopts the professional train-mounted antennas, HUBER+SUHNER [25] , to receive the excitation signal. In the test, antennas 5 and 6 with the spacing of 1.2 m (7.6 wavelengths at 1890 MHz) are chosen for the MIMO measurement, antenna 3 is connected to spectrum analyzer to monitor the signal state, and antenna 1 is used to receive the GPS signal. With regard to the DC case, a biconical antenna with better antenna radiation pattern [26] is utilized and placed close to the window of the train carriage.
B. Measurement Data
Since the measurement data are collected in both the nonoverlapping and overlapping areas of the network, they can be reasonably partitioned into two cases: single-link and multilink measurement data. As shown in Fig. 11 , we take an example of the PDP and the DPSD in one cell in the RC scenario to explain how to partition the measurement data. In Fig. 11(a) , the time-variant PDP during the first 35-s period in the cell is plotted. Two obvious PDP transitions regarding BS1 and BS2 whose positions are identified by the white circles are highlighted. When the train enters into the nonoverlapping area, we define a single-link region where the propagation link between BS1 and the train, indicated by PDP (i), occupies the whole time delay window. However, once the train moves into the overlapping area between BS1 and BS2, another propagation link between BS2 and the train, denoted by PDP (ii), appears in the time delay window as well. We regard this area as a multilink region where the time delay window covers two links simultaneously. In the multilink region, the time delay window can be divided into two parts: 1) one is for PDP (i) and 2) another is for PDP (ii), as shown in Fig. 11(b) . As the train is moving away from BS1, the delay difference τ between PDP (i) and PDP (ii) is gradually shortening. If the train travels at the crossing point marked with a red circle in Fig. 11(a) , the PDP (i) and PDP (ii) would be indistinguishable, e.g., τ = 0. Since τ determines the time-delay window of PDP (i), a threshold, τ = 1 μs, is set to enable the coverage of most multipath components. Fig. 11(c) plots the corresponding time-variant DPSD result. When the train passes through the coverage of BS1 and BS2, two typical Doppler transitions from the maximum positive frequency to the minimum negative frequency are observed and marked as DPSD (i) and DPSD (ii). In the single-link region, only DPSD (i) exists, while in the multilink area, DPSD (i) and DPSD (ii) appear at the same time, as shown in Fig. 11(d) . The two DPSDs have the same maximum Doppler shift but the opposite angle of arrival. The maximum Doppler shift is found to be 500 Hz, which matches the theoretical result in the case of the 1890-MHz frequency and the 285 km/h velocity.
In the single-link region, we express the measured CIR as H S i j and in the multilink region, we, respectively, extract the CIRs from BS1 and BS2 according to the above analysis, represented as H M,1 i j and H M,2 i j . Note that i and j are the indices of the antenna elements at the BS and the receiver sides, respectively. In addition, we choose six groups of DC measurement data and three groups of RS measurement data, each of which corresponds to one cell. Then, we average all the results derived from these measurement data to analyze the channel characteristics in the whole network.
C. Measurement Results
In this section, we first focus on the traditional channel characteristics, involving path loss (PL), Ricean K -factor, rootmean-square (rms) delay spread (DS), and single-link spatial correlation (SC), which are extracted using the single-link measurement data. We also analyze the multilink SC based on the multilink measurement data.
1) Path Loss:
To extract the PL, the measured CIR should be averaged within a local area, where the condition of widesense stationary and uncorrelated scattering is satisfied. The averaged length is commonly chosen to be 20 wavelengths in the mobile measurement [27] . The PL is conventionally modeled as a function of logarithmic distance. The estimated PL models in dB in the DC and RC scenarios are 
and
where d is the distance between the BS and the train. Fig. 12 shows the measured PL results and the PL models in the DC and RC scenarios. It can be seen that the PL in the DC scenario is approximately 20-30 dB higher than that in the RC scenario. This value corresponds to the penetration loss from the train body. On the other hand, the resulting PL exponents for the DC and RC cases are 3.16 and 3.76, respectively, which are all much higher than that of 2.0 in the free-space model. For the DC case, it is understandable that the outdoor-to-indoor propagation condition intensifies the attenuation of the signal power; however, for the RC case, the main reason that has been explained in [8] is that the train carriage roof would act as a ground plane and thus affects the antenna radiation pattern by causing a null in a certain incidence angle area of the radiation pattern. In the same RC case, the measured PL exponent is larger than the values of 3.03 and 2.83 in the open viaduct scenario [10] and cutting scenario [28] , respectively.
2) Ricean K -Factor: Ricean K -factor is a parameter indicating the temporal fading severity of the radio channel, which can be extracted by the CIRs for removing the large-scale effect. The narrowband K -factor [29] is estimated in the same set of 10-m windows using the classical moment based method in [30] , as a function of distance. Fig. 13 presents the cumulative distribution functions (CDFs) of the K -factors and the fitting of the CDFs with a normal distribution in the DC and RC scenarios. A K -factor with a mean of 4.27 dB and a standard deviation of 2.87 dB is observed for the DC case, whereas they are 7.47 and 4.39 dB for the RC case. The strength of K -factor in the DC scenario is weaker than that in the RC scenario since the receive antenna placed inside the train carriage encounters more multipath echoes. The K -factor result for the RC scenario matches the K -factor model with a 7-dB mean value and a 4-dB standard deviation for the rural macro-cell (RMa) scenario in ITU-R M.2135 model [31] , whereas it is much lower than that in the open viaduct scenario [10] . 
3) rms Delay Spread:
The rms DS is determined by the PDP at local area, which can be calculated as the standard deviation of the excess time delay weighted with power [32] . Fig. 14 shows the CDFs of the rms DSs and the fitting of the CDFs with a lognormal distribution in the DC and RC scenarios. It is obvious that the DC case has the higher rms DS than the RC case since the indoor antenna receives more multipath waves. The fitting parameters μ(log 10(s)) and σ (log 10(s)) of the rms DS for the RC case are −7.68 and 0.57, whereas those for the DC case are −7.06 and 0.34. It can be found that the RC result is close to the ITU-R M.2135 model [30] in the RMa scenario with the mean value of −7.49 and the standard deviation of 0.55, whereas it is smaller than the values in the obstructed viaduct and hilly terrain scenarios reported in [11] and [33] .
4) Spatial Correlation:
To investigate the MIMO performance, we focus on the SC between the different antenna elements at both ends of the individual link, namely, singlelink SC. Besides, we also consider the multilink SC [34] that exists due to the environment similarity arising from common scatterers contributing to different links and can significantly affect the performance of coordinated multipoint transmission (CoMP) technology. Based on the measurement data in the single-link region, the single-link SC between two subchannels, H S 11 and H S 22 , is derived. Similarly, according to the effective measurement data in the multilink region, the multilink SC between H M, 1 11 and H M, 2 11 is estimated. Fig. 15 shows the single-link SC result in the RC scenario and multilink SC results in the DC and RC scenarios. It is observed that almost 65% of single-link SC values are less than 0.8. For the multilink SC, the results are optimistic in both DC and RC scenarios where the majority of the correlation coefficients are below 0.8. Moreover, since rich scatterers in the carriage lead to a low degree of environment similarity, the DC case has a lower multilink SC than the RC case. From these results, we can infer that in the plain viaduct environment, the MIMO performance can be improved by means of the cross-polarized antenna configuration at the BS side and the large antenna spacing at the train side, and the CoMP technology can have a good performance in terms of microdiversity due to the low multilink SC.
V. CONCLUSION
In this paper, we have presented the implementation of the LTE-based HSR channel measurement method. The methodology of the CIR extraction was described and the impacts of CFO and TO on the CIR performance were analyzed. A practical algorithm was proposed to compensate for the TO for reducing the power leakage of the CIR. In addition, we established the LTE-based HSR channel measurement system composed of existing LTE railway networks and the dedicated LTE receiver and calibrated it in terms of the CFO and TO in the laboratory. Based on this system, measurement campaigns taking both DC and RC schemes into account were performed on the BT HSR in China, and measurement data were collected and partitioned for the single-link and multilink channel characterizations. Finally, we derived the measurement results, such as PL, K -factor, rms DS, and single-link spatial SC and multilink SC, which confirm the feasibility of the proposed method and provide preliminary information for the optimization of the existing HSR LTE system and the design of the next-generation HSR communication system.
